Abstract: In aquatic species of carnivorous Utricularia, about 10 -50% of the total biomass consists of bladders. Utricularia bladders are physiologically very active organs though their chlorophyll content may greatly be reduced. To specify energetic costs of carnivory, respiration (RD) and net photosynthetic rate (PN) were compared in bladders and leaves or shoot segments of six aquatic Utricularia species with differentiated -1 ) 7 -10 times. RD of empty bladders of U. ochroleuca was exactly the same as that in bladders containing prey. Though Utricularia bladders are essential for uptake of growth limiting mineral nutrients N and P from prey as the main benefit of carnivory, the current results support previous work showing that bladder function requires greater metabolic (maintenance) cost and very low photosynthetic efficiency (great RD : PN ratio).
Introduction
Carnivorous plants face the problem of what proportion of their biomass should be invested in carnivory and maintenance of traps (Givnish et al., 1984; Knight and Frost, 1991; Knight, 1992; Friday, 1992; Méndez and Karlsson, 1999; Guisande et al., 2000; Richards, 2001; Englund and Harms, 2003; Guisande et al., 2004; Ellison and Farnsworth, 2005) . Generally, a greater proportion of traps can increase total success in trapping prey and subsequent uptake of mineral and organic substances as a benefit of carnivory, while also presenting greater costs. These costs are based on production of traps, their reduced photosynthetic rates, and on their metabolic maintenance (Givnish et al., 1984; Knight, 1992; Méndez and Karlsson, 1999; Ellison and Farnsworth, 2005) . Previous studies have also shown that the proportion of trap biomass, when compared to the the total biomass, is under ecological control (Knight and Frost, 1991; Bern, 1997; Richards, 2001; Ellison and Gotelli, 2002; Englund and Harms, 2003; Guisande et al., 2004) .
Within the genus Utricularia (Lentibulariaceae), about 50 of the 214 recognised species are submerged or amphibious aquatics, which most often produce shoots with a relatively regular, modular structure (Taylor, 1989) . Their shoots are either homogeneous, undifferentiated (i.e., forming only one type of shoot) and green, bearing both leaves and bladders (e.g., U. australis, U. vulgaris, U. purpurea), or heterogeneous, differentiated (i.e., forming two types of shoot) into green photosynthetic shoots with few to no bladders, and usually pale carnivorous shoots with abundant bladders and reduced leaves (e.g., U. intermedia, U. ochroleuca, U. floridana; Thor, 1988; Taylor, 1989) . In aquatic Utricularia species with homogeneous shoots, about 10 -55 % of the total plant biomass (DW) is formed by bladders (Friday, 1992; Knight, 1992 , Richards, 2001 Englund and Harms, 2003) . The bladder is a hollow utricle, mostly two cells thick, filled with water, and usually 1 -4 mm long (Sydenham and Findlay, 1975; Juniper et al., 1989) . Bladders contain abundant bifid and quadrifid glands in their lumen, and on trapdoors that are also surrounded by trigger hairs and other appendages. The fluid in the bladders exhibits high phosphatase activity, secreted by quadrifid glands (Sirová et al., 2003; Laakkonen et al., 2006) . After firing, the bladder pumps out ions and water from the lumen until the original compressed shape is reached in about 30 min (Sydenham and Findlay, 1975) . Generally, bladders of aquatic Utricularia species are physiologically very active, though their chlorophyll content may be greatly reduced. Moreover, mutations of the mitochondrially encoded cytochrome c oxidase in Utricularia, which could result in faster reaction kinetics of this enzyme, may be an adaptation for greater respiratory capacity associated with the high energetic demands of bladder traps (Jobson et al., 2004; Laakkonen et al., 2006) .
The demanding physiological function of Utricularia bladders may translate into higher energetic demands and thereby an increased respiration rate (RD). Knight (1992) showed that the RD of bladders was 10% greater than the RD of the same leaves in U. macrorhiza (mean about 6.9 vs. 6.3 mmol O 2 kg -1 FW h -1 ). On the other hand, she also demonstrated markedly lower net photosynthetic rate (PN) in bladders as compared to leaves. In younger shoot segments of U. macrorhiza collected from various sites, PN ranged from 3.8 to 27 mmol CO 2 kg -1 FW h -1 in bladders, while it was 6.7 -50 mmol kg -1 FW h -1 in leaves. Thus, the PN in bladders reached only 41 -67 % of that in leaves. PN expressed per unit chlorophyll content was comparable in younger leaves and bladders but decreased markedly in older, more pigmented bladders. This is in agreement with Friday (1989) , who found increased ageing and disintegration of U. vulgaris bladders as compared to leaves. Similarly, in snapping traps of an aquatic carnivorous plant, Aldrovanda vesiculosa, grown under optimum photosynthetic conditions, PN of traps per unit FW reached only 52 % of that of apical shoot segments without traps . Generally, all these results clearly demonstrate the greater energetic demand of traps as compared to leaves in aquatic carnivorous plants and, simultaneously, lower photosynthetic efficiency of traps. However, these metabolic costs may be counterbalanced partly by direct uptake of organic substances from prey, which can be ecologically important in aquatic carnivorous plants (for review see Adamec, 1997 b) . To determine the metabolic costs of carnivory in Utricularia, RD and PN were compared in bladders and leaf filaments or shoots of six aquatic Utricularia species with differentiated or undifferentiated shoots.
Materials and Methods
Measurements were performed in three Utricularia species with undifferentiated green, photosynthetic shoots: U. vulgaris L., U. australis R. Br., and U. bremii Heer ex Kölliker, and in three species with differentiated shoots: U. ochroleuca R. Hartm., U. intermedia Hayne, and U. floridana Nash. Species were grown outdoors in plastic containers filled with dystrophic water, with Carex litter used as the main substrate . However, U. floridana (origin from N Florida, USA) was grown in a 20-l aquarium in a greenhouse. U. bremii originated from Lake Oniega, N Russia, and the other species originated from sites in the Czech Republic. Adult plants with fully developed bladders were used for measurements from 13 June to 11 August 2004.
For U. vulgaris and U. australis, RD and PN measurements were made using slightly pigmented bladders and green leaves deprived of bladders from the 6th -10th adult leaf whorl. In U. bremii, green bladders and 2 cm long shoot segments without bladders were also prepared from the same leaf whorls. In the other three species, RD was measured in bladders from mostly colourless carnivorous shoots taken from about 1.5 -5 cm from the shoot apex and in shoot segments cut from the same zone of the shoots. In these three species, both RD and PN were measured in photosynthetic shoot segments deprived of bladders about 1.5 -3.0 cm from the shoot apex. Generally, RD and PN was measured using 15 -22 freshly excised bladders (1.5 -3.5 mm long), devoid of prey and air bubbles (FW 13 -35 mg), and in 1 -2 composite leaves or 2 -3 shoot segments without bladders (FW 13 -66 mg). To prevent the suction of air during rinsing, bladders were stimulated to fire prior to excision.
Measurements of RD and PN were performed in a solution of 1.2 mM NaHCO 3 with 0.05 mM KCl (80 -90 % oxygen saturation) in a 5-ml stirred chamber (kept constant at 20.0 ± 0.1 8C), using a Clark-type oxygen sensor and a pen recorder (for details see Adamec, a, 2005 . Initial pH of the solution was 7.14 and [CO 2 ] was 0.20 mM. After RD had been measured in darkness for 15 -20 min, a light was switched on (halogen reflector, 400 μmol m -2 s -1 PAR) and PN was measured for 15 -20 min. To investigate the effect of prey digestion on RD, comparisons were made for empty bladders of U. ochroleuca and those having been fed living ostracods (see Sirová et al., 2003; Laakkonen et al., 2006) 22 -24 h before RD measurement. At the time of measurement, fed bladders contained 1 -4 prey items (usually 1 -2), which were observed to be dead but not digested. For comparison, RD measurements were also taken for 20 potential prey (∼ 1.0 mm long ostracods and ∼ 1.6 mm long Diaptomus sp.
[Crustacea]) found living in the culture containers. FW was then determined for all leaves and bladders (the luminal fluid was pressed out from bladders), while DW (80 8C) was estimated in pooled samples. All measurements were repeated six times for the same conditions. RD and PN are expressed in mmol kg Table 1 ). Within species, this difference was statistically significant (p < 0.002 -0.01; two-tailed t-test). For DW measurements, this difference was 70 -225 % as leaves usually contained a slightly higher proportion of DW in FW (3.9 -11 %) than bladders (4.1 -6.0 %) within the same type of shoots. Mean RD of bladders for the three species with undifferentiated shoots (7.69 ± 0.46 mmol kg -1 FW h -1 ) was significantly higher (p < 0.05) than that in the other three species with differentiated shoots (5.67 ± 0.55 mmol kg Pokorný and Ondok, 1991) , it indicates that PN (on FW basis) found for photosynthetic leaves/ shoots in aquatic Utricularia approach an absolute upper limit of PN reported for other aquatic plants. As PN of the aquatic carnivorous plant Aldrovanda vesiculosa, which frequently cooccurs with the Utricularia species used in this study, is also very high under similar photosynthetic conditions (ca. 70 -90 mmol kg -1 FW h -1 ; Adamec, 1997 a), it is reasonable to conclude that very high PN of photosynthetic shoots is a typical characteristic for aquatic carnivorous plants with very rapid growth and may be a prerequisite for this rapid growth (see . On the other hand, lower RD in colourless carnivorous shoots, as compared to photosynthetic shoots (Table 1) , reflects the fact that the former organs are greatly reduced and that their role is confined to bearing bladders and transporting nutrients.
Results

RD of bladders for the six aquatic
In summary, the current results (Table 1) demonstrate that, within the same shoot bearing bladders, RD of bladders (both on a FW and DW basis) is about 1.7 -3.3-times higher than that of leaves/shoots. However, Knight (1992) found that the RD of bladders in U. macrorhiza was, on average, only about 10% higher, as compared to leaves but she did not state either the experimental temperature or [CO 2 ], in the case of her photosynthetic measurements. The relatively high RD observed for Utricularia bladders is probably associated with their demanding physiological function, i.e., relating to ion and water pumping (Sydenham and Findlay, 1975) and digestion of prey (Sirová et al., 2003; Laakkonen et al., 2006) . At an anatomical level, this physiological activity is associated with a high density of several kinds of glands or hairs (Juniper et al, 1989) . As demonstrated by Sydenham and Findlay (1975) , ion and water pumping during the resetting of Utricularia bladders is a process requiring high amounts of metabolic energy derived from aerobic respiration, and is prevented by respiration inhibitors or low temperatures. In the present study, traps were in a postfiring state and were therefore probably pumping water. Thus, it is possible to assume that their RD in this state was much higher than that in their unfired resting state. PN in U. australis bladders has been shown to decrease with age (Adamec, 1995) , despite a constant RD in the same bladders. However, PN of bladders in U. macrorhiza, having been measured presumably at low [CO 2 ] in collected natural lake waters, was as much as 41 -67 % of that of leaves (Knight, 1992) , while it reached only 10 -15 % of that of leaves in three Utricularia species in the present study at optimum [CO 2 ] 0.20 mM ( Table 1) . This discrepancy suggests a markedly different photosynthetic CO 2 affinity for bladders and leaves/ shoots: it may be that the CO 2 affinity of bladders is much greater than that of leaves/shoots.
It is not clear to what extent gas exchange (RD and PN) on the level of intact bladders is influenced by the occurrence of commensal organisms. Algal cells can colonize the lumen of bladders in aquatic Utricularia species (e.g., Richards, 2001; Sirová et al., 2003; Laakkonen et al., 2006) and numbers of Euglena and bacterial cells usually increase with the ageing of bladders (Sirová, unpubl.) . Thus, the respiration or photosynthetic activity of this commensal community should influence the gas exchange of bladders alone (Richards, 2001) . However, the extent of such an influence is not known. It is possible that any gas exchange within the luminal fluid was gradually transferred to the stirred medium outside the bladders. However, work by Adamec (1995) on U. australis bladders with or without living prey did not support this assumption. In the present study, RD of U. ochroleuca bladders with or without dead prey was strictly the same, and RD of potential zooplankton prey of about 9 nmol prey -1 h -1 was measured. This value is comparable with those stated in literature on zooplankton respiration (within 1.2 -50 nmol animal -1 h -1 ; Jørgensen, 1979, pp. 250 -252) and corresponds to the mean RD of one bladder found in six Utricularia species in this study (10.1, range 3.4 -26.5 nmol bladder -1 h -1 ). Thus, RD of a bladder with one living prey should theoretically double as compared to the same empty bladder. A direct measurement of [O 2 ] in the fluid inside empty bladders using an O 2 microsensor has recently been shown to be zero [O 2 ] (Adamec, unpubl.).
To be ecologically advantageous, the benefit of bladders should at least equal or exceed their costs (sensu Givnish et al., 1984) . Investment in bladders and the associated high maintenance and/or metabolic costs (high RD : PN ratio) should result in shortages of organic substances (sugars) and, thus, a decrease in growth (Knight, 1992) . Generally, as in other submerged aquatic plants, Utricularia's PN depends strongly on CO 2 and light availability: key factors that are often limited by prevailing environmental conditions (Pokorný and Ondok, 1991) . As shown by Adamec (1999) , prey capture in aquatic Aldrovanda could partly compensate for the strict CO 2 limitation in water, and the same could occur in aquatic carnivorous plants growing in deep shade. This feature of the cost-benefit relationships in carnivorous plants has been ignored in models (Givnish et al., 1984; Knight, 1992) . Due to very efficient re-utilization of N and P from senescent shoots of aquatic carnivorous plants (Adamec, 2000; Adamec, unpubl.) , the loss of N and P from old shoots (including traps) may be very low, while that of organic carbon may not (Adamec, 2000) . Thus, the main metabolic cost of carnivory in aquatic carnivorous plants is probably the expenditure on organic carbon for trap production and maintenance costs (greater RD, enzyme production) for trap functioning.
Concerning the benefits of carnivory in aquatic carnivorous plants, the direct uptake of organic carbon from prey may be crucial under strong CO 2 or light limitation, and marginal under optimum conditions. An increase in PN as a result of carnivory, as suggested by Givnish et al. (1984) , has never been verified in aquatic carnivorous plants. However, this theory is contradicted by the lower tissue N and P content found in Aldrovanda shoots capturing prey (Adamec, 2000) . Thus, the main metabolic benefit derived by catching prey in aquatic carnivorous plants is the uptake of the growth-limiting mineral nutrients, N and P (Friday and Quarmby, 1994) .
